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A Counterdefensive Strategy of Plant Viruses:
Suppression of Posttranscriptional
Gene Silencing
that a sequence-specific signal mediating PTGS is pro-
duced and transported systemically (Palauqui et al.,
1997; Voinnet and Baulcombe, 1997). Despite progress
in understanding the phenomenon of PTGS, however,
knowledge of many of the biochemical details of PTGS
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are lacking.
An adaptive RNA targeting and degradation system
Summary
seems unusually well suited to limit propagation of a
wide range of viruses. In fact, certain viruses induce
Posttranscriptional gene silencing (PTGS) in plants in- a silenced state with the characteristics of PTGS by
activates some aberrant or highly expressed RNAs mechanisms that are independent of homologous se-
in a sequence-specific manner in the cytoplasm. A quences in the nuclear genome (Ratcliff et al., 1997; Al-
silencing mechanism similar to PTGS appears to func- Kaff et al., 1998). In the case of tomato blackring virus,
tion as an adaptive antiviral response. We demonstrate tissue exhibiting the silenced state is largely free of virus,
that the P1/HC-Pro polyprotein encoded by tobacco lacks symptoms, and is immune to reinfection by viruses
etch virus functions as a suppressor of PTGS. A locus containing sequence homology to the silenced virus
comprised of a highly expressed b-glucuronidase (Ratcliff et al., 1997). Given the adaptive nature of silenc-
(GUS) transgene was shown to exhibit PTGS. Genetic ing, it is reasonable to suggest that silencing may repre-
crosses and segregation analyses revealed that a P1/ sent a general antiviral defense mechanism.
HC-Pro transgene suppressed PTGS of the GUS se- If plants respond to viruses by induction of silencing,
quence. Nuclear transcription assays indicated that it is intriguing to consider possible ways in which viruses
the silencing suppression activity of P1/HC-Pro was may counter this defense. Some viruses may avoid si-
at the posttranscriptional level. These data reveal that lencing through rapid replication and movement prior
plant viruses can condition enhanced susceptibility to induction and/or establishment of the silenced state.
within a host through interdiction of a potent defense In these cases, however, silencing may still have the
response. effect of limiting the extent of virus accumulation within
the plant. Some viruses may actively suppress silencing.
Introduction Animal viruses provide precedence for this type of strat-
egy, as many components of the immune system are
Eukaryotes have remarkable systems to silence nuclear specifically suppressed by a number of viruses (Ploegh,
1998).genes, episomal elements, and cytoplasmic RNAs.
The plant potyviruses are positive-strand RNA virusesPosttranscriptional or homology-dependent gene si-
in the picornavirus-like supergroup (Koonin and Dolja,lencing (PTGS) can be activated to suppress RNA accu-
1993). Among the potyvirus-encoded proteins are twomulation in a sequence-specific manner (Baulcombe,
accessory factors, P1 and helper component-protein-1996; Depicker and VanMontagu, 1997). This phenome-
ase (HC-Pro), which derive from the N terminus of thenon has been analyzed extensively in plants containing
viral polyprotein (Figure 1). The P1 protein is nonessen-transgenes with highly active promoters. However,
tial, although it stimulates genome replication in a trans-PTGS can also be induced by transient expression of
active manner (Verchot and Carrington, 1995). Helperhomologous sequences or by cytoplasmically replicat-
component-proteinase promotes maintenance of ge-ing viruses (Kumagai et al., 1995; Angell and Baulcombe,
nome amplification (i.e., replication and accumulation)1997; Schob et al., 1997; Voinnet and Baulcombe, 1997;
over extended periods and stimulates vasculature-Kjemtrup et al., 1998; Ruiz et al., 1998b). RNAs with
dependent, long-distance transport of virus (Klein et al.,homology to the silencing locus, regardless of whether
1994; Cronin et al., 1995; Kasschau et al., 1997). The HC-they are expressed from resident nuclear genes, trans-
Pro protein was also shown to enhance amplification ofgenes, or viruses, are sensitive to PTGS (English et al.,
several unrelated positive-strand RNA viruses (Pruss et1996). The low level of silenced RNA is likely due to
al., 1997), suggesting that the stimulatory effect of HC-selective targeting and degradation, presumably through
Pro is an indirect consequence of modulation of hostsynthesis of complementary nucleic acids, annealing of
functions. These properties are consistent with the ideathe complementary sequences to the target RNAs, and
that P1/HC-Pro functions as a suppressor of virus-cleavage by a nucleolytic system (Goodwin et al., 1996;
induced silencing upon infection. In this paper, we dem-Metzlaff et al., 1997; Tanzer et al., 1997). The involvement
onstrate that P1/HC-Pro functions as an effective sup-of complementary nucleic acids synthesized de novo as
pressor of PTGS.a means to confer specificity indicates that the system is
adaptive to potentially any RNA molecule. Additionally,
ResultsPTGS can be induced throughout a plant, and across
graft unions, after local induction of PTGS, indicating
Silencing Plants and Susceptibility
to Recombinant TEV Strains
The available evidence indicates that PTGS of nuclear*To whom correspondence should be addressed (e-mail: carrington@
wsu.edu). genes and silencing induced by replicating viruses in
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al., 1993). Regardless of whether or not the TEV genome
encodes a PTGS modulator, this result was anticipated.
It is likely that incoming viral genomes exposed to a
preexisting silencing environment are sensitive to inhibi-
tion or degradation prior to synthesis of viral proteins
and establishment of replication.
Suppression of PTGS by P1/HC-Pro:
Effects on Virus SusceptibilityFigure 1. Diagram of Recombinant TEV Genomes
To test the effect of P1/HC-Pro on PTGS, genetic
The TEV genome was modified by insertion of coding sequences
crosses between the 407 GUS silencing line and a P1/for GUS or GFP. The inserts were positioned between the P1 and
HC-Pro-expressing transgenic line (U-6B [Carrington etHC-Pro coding sequences. The coding sequence for a NIa cleavage
site (ENLYFQS, where cleavage occurs between the Q and S resi- al., 1990]) were done. Several N. tabacum lines express-
dues) was introduced between the reporter protein and HC-Pro ing TEV P1/HC-Pro, including U-6B, have been charac-
coding regions. The reporter proteins are released from the TEV terized (Carrington et al., 1990; Cronin et al., 1995; Ver-
polyprotein by P1 autoproteolysis and NIa cleavage events (Carring- chot and Carrington, 1995; Kasschau et al., 1997). The
ton et al., 1993).
P1/HC-Pro polyprotein encoded by these lines is accu-
rately processed through autoproteolytic activities of P1
and HC-Pro. Both proteins are functional, as P1 and HC-the cytoplasm involve similar mechanisms (Ratcliff et
al., 1997; Al-Kaff et al., 1998; Kjemtrup et al., 1998). A Pro-defective TEV mutants are complemented in these
plants and in protoplasts derived from these plants (Cro-transgenic strategy to test the effect of tobacco etch
potyvirus (TEV)-encoded P1/HC-Pro on PTGS of a nin et al., 1995; Verchot and Carrington, 1995; Kasschau
et al., 1997). In addition, the P1/HC-Pro transgenic pro-b-glucuronidase (GUS) sequence was devised. As a first
step, transgenic Nicotiana tabacum plants expressing teins enhance amplification of at least three unrelated
positive-strand RNA viruses: potato virus X, tobaccoa nontranslatable form of the GUS gene, in which frame-
shift and stop-codon mutations were introduced after mosaic virus, and cucumber mosaic virus (Shi et al.,
1996; Pruss et al., 1997). Parental TEV strains are notcodon four, were produced. Sequences controlled by
PTGS confer immunity to RNA viruses that contain ho- enhanced by the presence of transgenic P1/HC-Pro. In
fact, a consistent feature of these lines is that they sup-mologous sequences, regardless of whether the se-
quence corresponds to an authentic segment of the viral port cell-to-cell movement of TEV at a rate slower than
in nontransgenic plants, resulting in small infection focigenome or to a foreign sequence inserted into the viral
genome (Baulcombe, 1996). Thus, transgenic lines con- in inoculated leaves (Figure 2). Both the 407 and U-6B
lines contained a single transgene locus as revealed bytaining GUS loci subject to PTGS were expected to con-
fer immunity specifically against viruses with genomes DNA gel blot analysis (Table 1).
The F1 progeny from reciprocal crosses of 407 andcontaining a foreign GUS insert.
Twenty homozygous transgenic lines were tested for U-6B plants were self-fertilized to produce F2 popula-
tions. Individual F2 plants were tested for the presencesusceptibility to recombinant strains of TEV containing
coding sequences for GUS or green fluorescent protein of the homozygous, hemizygous, or null GUS and P1/
HC-Pro transgenes by DNA gel blot analysis. Three(TEV-GUS and TEV-GFP, respectively [Figure 1]). Ap-
posing half leaves were inoculated with the two viruses classes of F2 plants containing the following configura-
tions of transgenes from each cross were selected forand infection foci were counted at 3 days postinocula-
tion. The TEV-GFP foci were detected using a UV light further analysis: (1) homozygous GUS, hemizygous P1/
HC-Pro (lines #17 and #25); (2) homozygous GUS, P1/source, while the TEV-GUS foci were detected by infiltra-
tion with a colorimetric GUS substrate. At 3 days postin- HC-Pro-null (lines #7 and #9); and (3) GUS-null, P1/HC-
Pro-null (lines #34 and #13). The #17, #7, and #34 F2oculation, each TEV-GUS or TEV-GFP focus corre-
sponds to an independent infection site (Dolja et al., plants were derived from the U-6B x 407 cross, whereas
the #25, #9, and #13 F2 plants arose from the reciprocal1992). Plants from two of the lines, 407 and 422, were
immune to TEV-GUS but susceptible to TEV-GFP (Table 407 x U-6B cross. The homo- and hemizygosity of the
GUS and P1/HC-Pro loci were confirmed by examination1 and Figure 2). The remaining lines, as exemplified by
403 and 446, and nontransgenic control plants were of inheritance patterns in F3 generation plants derived
by self-pollination of each F2 line. The homozygoussusceptible to both TEV-GUS and TEV-GFP. The steady
state level of GUS transcript in noninfected 407 and 422 GUS, hemizygous P1/HC-Pro (#17 and #25) lines were
valued because they provided material to test for coin-plants were relatively low compared to several of the
other susceptible transgenic lines (data not shown). As heritance of P1/HC-Pro and effects on PTGS in segre-
gating F3 populations. The homozygous GUS, P1/HC-immunity against viruses with homologous sequences
and low levels of transcript are hallmarks of PTGS, it Pro-null (#7 and #9) and GUS-null, P1/HC-Pro-null (#34
and #13) lines were selected to provide silenced andwas concluded that the GUS sequences in 407 and 422
plants were silenced posttranscriptionally. nonsilenced control lines, respectively, that had gone
through the successive generations after hybridization.A direct interpretation of these results is that a TEV
strain with sequence homology to a PTGS target cannot Ten random plants from each F3 population con-
taining the various combinations of transgenes, as wellovercome a preexisting silenced state, as shown by
others (Lindbo and Dougherty, 1992a, 1992b; Lindbo et as nontransgenic plants, were tested for susceptibility
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Table 1. Characterization of Plants Containing P1/HC-Pro and GUS Transgenes
Transgene Susceptibility (foci/half-leaf)a
Coding Sequenceb Copy Numberc TEV-GFP TEV-GUS
Nontransgenic Ð Ð 57.9 6 26.3 51.3 6 28.2
U-6B P1/HC-Pro 1 54.0 6 23.2 41.6 6 24.2
407 GUS 1 30.3 6 12.5 0.0 6 0.0
422 GUS 2 48.6 6 32.0 0.0 6 0.0
403 GUS 1 58.4 6 48.3 29.2 6 30.4
446 GUS 3 75.4 6 25.7 79.3 6 34.8
a Susceptibility was determined by inoculating apposing half-leaves with TEV-GFP and TEV-GUS. Infection foci were counted at 3 d p.i. The
mean foci/half-leaf 6 std. dev. (n 5 10±12) is shown.
b The P1/HC-Pro transgene contained the 59-proximal 2681 nucleotides of the TEV genome, which encodes functional P1 and HC-Pro proteins.
The GUS transgene contained translation-terminating mutations after codon four; transgenic plants, therefore, expressed the modified GUS
mRNA but lacked GUS enzymatic activity.
c Determined by DNA gel blot analysis.
to TEV-GUS and TEV-GFP using the half leaf inoculation susceptible to TEV-GFP but essentially immune to TEV-
GUS (Table 2 and Figure 3D), indicating that PTGS ofmethod. Two leaves in each plant were inoculated. The
GUS and P1/HC-Pro genotypes were also tested for the GUS transgene was maintained through successive
generations. In the homozygous GUS, segregating P1/each plant by DNA gel blot analysis, although the homo-
zygous and hemizygous P1/HC-Pro transgene geno- HC-Pro F3 populations (#17 and #25 progeny), however,
there were two susceptibility classes. One class wastypes were not distinguished from one another. Each
nontransgenic and GUS-null, P1/HC-Pro-null F3 plant (#13 susceptible to both TEV-GFP and TEV-GUS, while the
other was susceptible to TEV-GFP but immune to TEV-and #34 progeny) was susceptible to both TEV-GUS and
TEV-GFP (Table 2 and Figure 3C). Each homozygous GUS (Table 2 and Figures 3A and 3B). By comparing
the TEV-GUS susceptibility phenotype with the P1/HC-GUS, P1/HC-Pro-null F3 plant (#7 and #9 progeny) was
Pro genotype, a strict cosegregation of susceptibility to
TEV-GUS and the presence of the P1/HC-Pro transgene
was evident (Figure 4). All plants with the P1/HC-Pro
transgene in the #17 and #25 F3 segregating populations
were susceptible to TEV-GUS, even though they each
contained the homozygous GUS silencing locus. In con-
trast, none of the F3 plants lacking the P1/HC-Pro
transgene in either population was susceptible to TEV-
GUS; only two minute TEV-GUS infection foci (one to two
cells in diameter) were detected among 24 inoculated
leaves in this experiment. These data suggested that
PTGS was overcome in plants containing P1/HC-Pro.
Suppression of PTGS by P1/HC-Pro: Effects on
Transcript Synthesis and Accumulation Levels
To further explore the effect of P1/HC-Pro on PTGS,
steady state levels of GUS transcript were measured in
P1/HC-Pro-segregating #17 and #25 F3 populations, the
#7 F3 line containing the GUS transgene but lacking P1/
HC-Pro, as well as the U-6B and 407 parent plants. For
the #17 and #25 segregating F3 populations, three P1/
HC-Pro-positive and three P1/HC-Pro-null plants were
selected at random. Total RNA was extracted from leaf
tissue and subjected to quantitative RNA blot analysis
using probes to detect the GUS and P1/HC-Pro tran-
scripts. The blots were then reprobed with a ribosomal
RNA (rRNA) probe to provide internal standardization
Figure 2. Susceptibility of Transgenic 407 and U-6B Plants to TEV- controls for each blot. The level of GUS transcript was
GUS and TEV-GFP calculated relative to the rRNA level detected in the
Apposing half leaves were inoculated with TEV-GUS and TEV-GFP same sample. Additionally, each plant was tested for
(equivalent titers). Infection foci were visualized by long-wavelength susceptibility to TEV-GUS and TEV-GFP using the half
UV illumination (TEV-GFP, left half of leaves) or infiltration with a leaf inoculation method. As with the initial experiments
colorimetric GUS substrate (TEV-GUS, right half of leaves). The pho-
(Table 2), all plants were fully susceptible to TEV-GFPtographs for each pair show the same leaf. Note that the 407
regardless of genotype (Figure 5). The GUS transgenictransgenic plant lacks TEV-GUS infection foci due to specific immu-
nity conditioned by the silenced GUS transgene. plants were nonsusceptible to TEV-GUS, except for
Cell
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Table 2. Susceptibility of F3 Progeny of Crosses Between 407 and U-6B Transgenic Plants to TEV-GUS and TEV-GFP
Transgene Genotypea Susceptibility (foci/half-leaf)b
Plants GUS P1/HC-Pro TEV-GFP TEV-GUS
Controls
Non-transgenic Ð Ð 157.7 6 48.8 147.7 6 45.8
407 2n Ð 91.0 6 57.3 0.0 6 0.0
F3 Generation
U-6B x 407 #34 Ð Ð 129.5 6 89.4 104.1 6 70.2
U-6B x 407 #7 2n Ð 124 6 66.9 0.0 6 0.0
U-6B x 407 #17
P1/HC-Pro 1 2n 1n/2nc 106.2 6 50.6 157.0 6 89.4
P1/HC-Pro 2 2n Ð 181.2 6 134.8 0.1 6 0.4
407 x U-6B #13 Ð Ð 173.2 6 101.3 129.3 6 71.1
407 x U-6B #9 2n Ð 152.6 6 84.2 0.3 6 0.8
407 x U-6B #25
P1/HC-Pro 1 2n 1n/2n 68.7 6 36.7 122.9 6 76.7
P1/HC-Pro 2 2n Ð 112.8 6 69.0 0.0 6 0.0
a Determined by DNA gel blot and segregation analyses. 2n, homozygous; 1n, hemizygous; 2, no transgene.
b Determined as described in Table 1. The mean foci/half-leaf 6 std. dev. (n 5 6±20) is shown. The #34, #7, and #17 lines were derived from
one cross, whereas the #13, #9, and #25 lines were from a reciprocal cross. The #17 and #25 F3 populations contained a segregating P1/
HC-Pro transgene.
c Homozygous and hemizygous genotypes were grouped.
those in the #17 and #25 F3 populations containing the 12±14, and 18±20). The GUS transcript was detected in
samples from each plant (Figure 5, lanes 4±20), exceptP1/HC-Pro transgene (Figure 5).
The P1/HC-Pro transcript was detected only in sam- for the nontransgenic and U-6B parent plant (lanes 1±3).
However, the level of GUS transcript in the 407 parentples from parent U-6B and segregating F3 plants con-
taining the P1/HC-Pro transgene (Figure 5, lanes 2, 3, (Figure 5, lanes 4 and 5), the #7 F3 plants (lanes 6±8),
Figure 3. Susceptibility of F3 Progeny Plants
to TEV-GFP and TEV-GUS
Susceptibility of the F3 plants to TEV-GFP
(left side of leaves) and TEV-GUS (right side)
was tested as described in Figure 2. Each
pair of photographs shows the same leaf.
The transgene genotype is indicated below
each pair of photographs. The P1/HC-Pro
transgene is represented as 1n/2n or null be-
cause only the presence or absence of the
transgene in these F3 plants was determined.
2n, homozygous; 1n, hemizygous.
(A) 407 x U-6B #25 F3 segregants. Two plants,
one lacking (top) and one containing (bottom)
the P1/HC-Pro transgene, are shown.
(B) U-6B x 407 #17 F3 segregants. Two plants,
one lacking (top) and one containing (bottom)
the P1/HC-Pro transgene, are shown.
(C) U-6B x 407 #34 F3 plant lacking both
transgenes.
(D) U-6B x 407 #7 F3 plant lacking the P1/
HC-Pro transgene.
Viral Suppression of Silencing
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Figure 4. Cosegregation of Susceptibility to TEV-GUS and the P1/HC-Pro Transgene in the #17 and #25 F3 Segregating Populations
DNA gel blot analysis was done using plants from the segregating #17 and #25 F3 populations (10 plants each) and from the U-6B and 407
parents. Replicate blots were analyzed using GUS or P1/HC-Pro-specific probes. The same plants were tested for susceptibility (1) or immunity
(2) to TEV-GFP and TEV-GUS using the half leaf method. The lane labeled U-6B 1 407 contains a mixture of DNA from the two parents.
and the P1/HC-Pro-null plants from the segregating #17 or not the P1/HC-Pro transgene affected GUS gene tran-
scription, nuclear run-on assays using isolated nuclei(lanes 15±17) and #25 (lanes 9±11) populations was rela-
tively low. In contrast, the mean level of GUS transcript were done with P1/HC-Pro-containing and P1/HC-Pro-
null segregants from the #17 and #25 F3 populations.in the #17 (Figure 5, lanes 18±20) and #25 (lanes 12±14)
segregants that expressed P1/HC-Pro was approxi- The experiment was conducted with independently iso-
lated nuclei from three sets of P1/HC-Pro-containingmately 5-fold and 10-fold higher, respectively, than the
level in segregants lacking P1/HC-Pro (Figure 5, graph). and P1/HC-Pro-null plants (two sets from the #17 F3
population and one set from the #25 F3 population).The elevated steady state levels of GUS transcript in
the presence of P1/HC-Pro is consistent with suppres- Radiolabeled transcripts synthesized in the run-on reac-
tions were used as probes in blot hybridization analysission of PTGS.
The release of GUS sequence-specific PTGS in the with plasmids containing GUS, P1/HC-Pro, or ubiquitin
sequences, or empty cloning vector (pGEM4.2), and theP1/HC-Pro-containing segregants could have been due
to an indirect effect of P1/HC-Pro, or the P1/HC-Pro extent of hybridization to each plasmid was quantitated.
Significant levels of P1/HC-Pro transcription were de-transgene itself, on transcription of the GUS locus. Sev-
eral models to explain PTGS suggest that a threshold tected only in nuclei from plants containing the P1/HC-
Pro transgene (Figure 6A). Transcription of the GUS andof transcript must be exceeded via high levels of gene
expression or gene dosage effects to trigger induction ubiquitin genes was detected in nuclei from all plants
(Figure 6A), with the level of GUS transcription productor maintenance of silencing (Dougherty and Parks, 1995;
Meins and Kunz, 1995; Baulcombe, 1996; Wassenegger being particularly high. The ratio of GUS gene transcrip-
tion to ubiquitin gene transcription was calculated forand Pelissier, 1998). If GUS gene transcription were de-
creased sufficiently in the presence of the P1/HC-Pro each assay. In none of the three sets of assays was the
level of GUS gene transcription in the presence of P1/transgene, one might predict that PTGS would be elimi-
nated as an indirect consequence of a failure to reach HC-Pro lower than in the absence of P1/HC-Pro (Figure
6B). In fact, the level of GUS transcription measured ina required threshold of transcript. To determine whether
Figure 5. Steady State Levels of GUS Tran-
script Increase in the Presence of P1/HC-Pro
Total RNA was isolated from a nontransgenic
plant (B49), two parental U-6B (lanes 2 and
3), and two 407 (lanes 4 and 5) plants, three
#7 F3 plants (lanes 6±8), six #25 F3 plants
(lanes 9±14), and six #17 F3 plants (lanes 15±
20). Duplicate blots were analyzed. One was
tested with a GUS sequence-specific probe
followed by a ribosomal RNA (rRNA) probe,
and the other was tested with a P1/HC-Pro
sequence-specific probe followed by a rRNA
probe. Note that only three of each of the #25
and #17 population plants contained the seg-
regating P1/HC-Pro transgene (lanes 12±14
and 18±20). The ratio of GUS RNA/rRNA was
calculated for each sample and plotted. Each
of the plants was also tested for susceptibility
or immunity to TEV-GUS and TEV-GFP using
the methods shown in Figures 2 and 3. The
mean number of TEV-GUS and TEV-GFP in-
fection foci/half leaf is shown for each group
of plants indicated at the bottom.
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of TEV infection and during infection by heterologous
viruses. The P1 and HC-Pro proteins have each been
shown to enhance the extent of genome amplification
at the single-cell level and to enhance long-distance
movement and subsequent infection of systemic tis-
sues, although neither protein appears to be required
for cell-to-cell movement (Klein et al., 1994; Cronin et
al., 1995; Verchot and Carrington, 1995; Kasschau et al.,
1997). At the single-cell level, HC-Pro is necessary for
maintenance of TEV genome amplification at relatively
late times postinfection (Kasschau et al., 1997). Parental
Figure 6. Transcription of the GUS Transgene Is Unaffected by P1/
TEV strains exhibit amplification kinetics in which in-HC-Pro
creases occur for at least 72 hr postinoculation. In con-Nuclear run-on assays were done using three sets of P1/HC-Pro-
trast, TEV mutants with substitutions affecting the cen-containing and P1/HC-Pro-null plants from the #17 and #25 F3 popu-
tral domain of HC-Pro display a shut-off phenotype inlations. 32P-UTP-labeled run-on transcripts were used as probes in
filter hybridization assays. The filters contained immobilized, linear- which amplification essentially ceases between 24 and
ized plasmids containing sequences for GUS, P1/HC-Pro, ubiquitin, 48 hr postinoculation. These results may be explained
and the cloning vector, pGEM4.2. by invoking a silencing-suppressor role for HC-Pro. In
(A) Autoradiograph of a representative experiment using labeled the absence of functional HC-Pro, silencing targetedrun-on transcripts from nuclei of P1/HC-Pro-containing (left) and
against TEV RNA is activated by sensing of viral RNAP1/HC-Pro-null (right) #17 F3 plants.
replication, RNA accumulation, or an aberrant feature(B) Relative levels of GUS gene transcription in the nuclear run-on
reactions. Three experiments were done with independent sets of of the RNA or replication intermediate (Figure 7, top).
nuclei. Experiments 1 and 2 were done using nuclei from plants in This explains the initial efficiency of amplification (presi-
the #17 F3 population, and experiment 3 was done using nuclei lencing) and the progressive shut-off (postsilencing initi-
from plants in the #25 F3 population. The ratio of GUS gene tran- ation) of the mutants. The presence of functional HC-scription to ubiquitin gene transcription was calculated for each
Pro suppresses the silencing response and conditionsrun-on transcription assay. The autoradiograph produced in experi-
amplification without the block imposed by silencingment 2 is shown in (A). 1, P1/HC-Pro-containing; 2, P1/HC-Pro-
null. (Figure 7, bottom). An appealing aspect of this model
is the prediction it makes concerning heterologous vi-
ruses. If HC-Pro is a general suppressor of virus-inducedthe presence of P1/HC-Pro was slightly higher in each
silencing, it should stimulate or prolong amplification ofset. These results indicate that transcription of the GUS
viruses unrelated to TEV. In fact, this is precisely whatgene was not affected adversely by P1/HC-Pro or by
has been observed. Heterologous viruses, such as PVX,the P1/HC-Pro transgene. The release of silencing,
accumulate to significantly higher levels in the presencetherefore, appears to be a consequence of posttran-
of HC-Pro, regardless of whether HC-Pro is encoded byscriptional events and not by an indirect effect of tran-
a coinfecting TEV strain, a transgene, or from the ge-scriptional modulation. The most straightforward inter-
nome of a recombinant strain (Vance, 1991; Shi et al.,pretation of these data is that P1/HC-Pro is a suppressor
1996; Pruss et al., 1997). In the case of recombinantof PTGS.
PVX strains expressing HC-Pro, the enhancement of
accumulation is due, at least in part, to suppression ofDiscussion
a normally induced shut-off mechanism (Pruss et al.,
1997). Further, the prolonged amplification effect pro-Virus-induced silencing in plants has been shown pre-
vided by HC-Pro is enhanced by the P1 protein, sug-viously to condition an immune state in which subse-
gesting that P1 and HC-Pro act cooperatively. Combin-quent infection by closely related strains, or by engi-
ing the results obtained here with these previousneered viruses containing sequences homologous to
observations bolsters the proposal that HC-Pro, or P1/those of the targeted virus, is restricted. This indicates
HC-Pro, functions as a general suppressor of virus-that plants have the capacity to mount an adaptive anti-
viral defense response. Given that silencing specificity induced silencing.
In addition to enhancing levels of genomic RNA accu-is conditioned de novo, presumably through synthesis
of nucleic acids complementary to the target RNA, the mulation, HC-Pro has been shown to stimulate long-
distance movement of TEV (Cronin et al., 1995; Kasschauspectrum of adaptive specificities is potentially unlim-
ited. Thus, silencing may restrict or limit infection by a et al., 1997). Genetic evidence suggests that the amplifi-
cation-stimulating and movement-stimulating activitiesbroad range of viruses. The finding that TEV P1/HC-Pro
functions as a suppressor of silencing reinforces the are controlled by the same HC-Pro function (Kasschau
et al., 1997). This raises the possibility that effectivenotion that silencing serves as an impediment that must
be overcome to establish or maintain an infection. In long-distance movement, at least for potyviruses like
TEV, requires a silencing-suppression function. Virus-this sense, plant viruses join their animal-infecting
counterparts in being promoters of their own infection induced silencing can be envisioned to inhibit long-dis-
tance movement in at least two different ways. First, athrough suppression of innate or adaptive host re-
sponses (Ploegh, 1998). silencing signal may be formed in foci of initially infected
cells. This signal may migrate cell to cell in advance ofViewing P1/HC-Pro in the context of a silencing sup-
pressor, it is worthwhile to consider previous observa- the spreading infection in inoculated leaves to prime
silencing in vasculature-associated cells. Second, ations relating to P1/HC-Pro function during the course
Viral Suppression of Silencing
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Figure 7. Model for P1/HC-Pro Suppression
of Virus-Induced Silencing
Virus-induced silencing is proposed to be an
antiviral defense mechanism in plants. In the
absence of a silencing suppressor (top path-
way), viral RNAs are recognized as aberrant
or abundant and targeted for silencing in in-
fected cells. The silencing response serves
to limit accumulation of new RNAs and inhibit
RNA replication. Systemic acquired silencing
may be induced or primed through transport
of a silencing signal. In the presence of the
P1/HC-Pro silencing suppressor (bottom path-
way), induction and/or maintenance of virus-
induced silencing is inhibited. As a result, rep-
lication of genomes of TEV and other viruses
in the presence of P1/HC-Pro is prolonged
and accumulation is enhanced. Additionally,
P1/HC-Pro may suppress one or more steps
unique to activation or maintenance of sys-
temic acquired silencing.
silencing signal may be transported long distances and Dougherty, 1992a, 1992b; Lindbo et al., 1993), that
silenced transgenes can condition effective immunitythrough the phloem. Exit of the signal from sieve ele-
ments may then potentiate immediate silencing upon against TEV, even though the TEV genome encodes P1/
HC-Pro. As noted in the Results, this almost certainlyinfection of those cells after long-distance transport of
the virus. The HC-Pro-mediated stimulation of long-dis- reflects the fact that silencing inactivates the TEV ge-
nome prior to establishment of infection and productiontance movement may be the result of the viral protein
inhibiting silencing in local tissue and/or in systemic of significant quantities of TEV-encoded proteins. It is
perhaps more puzzling to consider observations show-tissue (Figure 7). In this context, it is relevant to consider
that HC-Pro has been shown to traffic cell to cell after ing that some transgenic plants expressing the TEV cap-
sid protein (CP) coding sequence are initially susceptiblemicroinjection into mesophyll cells (Rojas et al., 1997).
This raises the possibility that silencing suppression (nonsilenced) to TEV infection but later recover as new
tissues develop from the apical meristem (Dougherty etmay occur in initially inoculated tissues and in tissues
and organs distal to the initial infection sites. al., 1994). The recovered transgenic tissue was shown
to be posttranscriptionally silenced for the CP transgeneIs silencing-suppression a unique feature of potyvi-
ruses, or might other unrelated viruses also deploy this and was immune to subsequent reinfection by TEV. In
other words, PTGS of the transgene in newly developedcounterdefensive strategy? Among plant viruses, the
potyvirus genome is relatively large, encoding at least tissues was activated by TEV infection, even though
P1/HC-Pro was produced during the initial susceptiblenine or ten fully processed proteins and several poly-
protein intermediates. It is reasonable to propose that phase. It is possible that a silencing signal was produced
in TEV-infected cells, triggering PTGS of the CP trans-the additional genetic information acquired during po-
tyvirus evolution may enable more sophisticated inter- gene in systemic, developing tissues. Once established,
the silenced state in the new tissues could prevent infec-actions with the host, such as interdiction of defense
responses. In natural infections, potyviruses are fre- tion and amplification of TEV after long-distance move-
ment. However, this idea is highly speculative, as dataquent companions with unrelated viruses in disease
complexes (Matthews, 1991). These complexes often that address this question directly have yet to be ob-
tained.incite synergistic disease, where the nonpotyvirus part-
ner specifically accumulates to elevated levels (for ex- Finally, besides its role in virus infection, the potential
utility of P1/HC-Pro as a general PTGS suppressorample see Vance, 1991). These naturally occurring com-
plexes may be indicative of an ecological advantage should be considered. First, considerable speculation
concerning the role of PTGS in plant developmentalafforded by coat-tailing with silencing-suppressing po-
tyviruses. On the other hand, there are indications that control has been offered as information about the prolif-
erative, signaling, and adaptive properties of PTGS hasmany plant viruses encode proteins with functions re-
sembling some of those associated with HC-Pro. To- accumulated (Jorgensen et al., 1998). The availability of
a PTGS suppressor may provide a unique tool withmato bushy stunt virus encodes a protein (p19) that
confers the ability to move long distances in plants in a which to define the roles of PTGS in plant growth and
development. Second, identification of cellular factorshost-specific manner (Scholthof et al., 1995). Cucumber
mosaic virus also encodes a protein (2b) with long-dis- affected by, or that interact with, P1/HC-Pro will lead to
identification of key structural or regulatory componentstance movement-stimulating properties (Ding et al.,
1995). In fact, recent evidence confirms a silencing-sup- of the PTGS pathway. The P1/HC-Pro silencing suppres-
sor may also lead to identification of endogenous host-pressing function for the 2b protein (Brigneti et al., 1998).
Can a silencing-suppressor role for P1/HC-Pro be rec- encoded suppressors that negatively regulate the si-
lencing pathway. Third, the ability to suppress PTGS ofonciled with previous data relating to silencing of TEV?
It was shown, both in this work and by others (Lindbo highly expressed transgenes may be particularly useful
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(30 mg) was subjected to agarose gel electrophoresis, blotted toin situations requiring gene expression without the po-
Hybond N1 (Amersham), and UV-cross-linked (1200 mJ, Stratagenetentially negative consequences of silencing. And fourth,
Stratalinker) to the membrane. Radiolabeled probes for GUS andunderstanding the mechanisms of PTGS and PTGS sup-
P1/HC-Pro sequences were made by random priming reactions in
pressors in plants provides an invaluable model to aid the presence of 32P-dCTP (Feinberg and Vogelstein, 1983). Prehy-
in dissection of analogous or homologous pathways in bridization, hybridization, and washing of blots were done as de-
scribed (Hehl and Baker, 1990). The radioactivity in each band wasanimals (Pal-Bhadra et al., 1997; Fire et al., 1998; Ruiz
quantitated using the InstantImager Electronic Autoradiographyet al., 1998a).
system (Packard). The genotype for each plant was determined by
comparing GUS and P1/HC-Pro band intensities for the F2 plantExperimental Procedures
samples with standards of known homozygous and heterozygous
genotypes. Blots were also exposed to X-ray film.Transgenic Plants
Total RNA was isolated from 4-5-week-old plants after pulverizingN. tabacum plants expressing a nontranslatable b-glucuronidase
tissue (0.1 g) in liquid nitrogen. Buffer (500 ml of 50 mM Tris-HCl [pH(GUS) gene were produced. The nontranslatable GUS transgene was
7.6], 1 mM EDTA, 100 mM NaCl, 0.5% SDS, 0.2% b-mercaptoetha-created by introduction of frame-shift and stop-codon mutations
nol) was added, and the mixture was extracted with phenol, phenol/(Kunkel et al., 1987) after codon four of the GUS sequence.
chloroform/isoamyl alcohol, and chloroform. Nucleic acids wereTransgenic haploid plants and fertile dihaploid plants were pro-
precipitated in the presence of ethanol and resuspended in deion-duced using transformation vectors, Agrobacterium tumefaciens-
ized water. The RNA was precipitated in the presence of 2M LiClmediated gene transfer and propagation techniques as described
and resuspended in 50 ml deionized water.(Smith et al., 1994). N. tabacum plant U-6B expressing the TEV P1/
The RNA was subjected to 1.5% agarose-formaldehyde gel elec-HC-Pro coding region was described previously (Carrington et al.,
trophoresis, transferred to Hybond N1 membrane, and UV-cross-1990). Both GUS and P1/HC-Pro transgenes contained 35S pro-
linked (1200 mJ). Restriction fragments containing the GUS andmoter and 3 termination sequences from cauliflower mosaic virus.
HC-Pro sequences were random-prime labeled using 32P-dCTP.
Prehybridization, hybridization, and washing of blots were as above.Recombinant Viruses and Inoculation Techniques
Radioactivity in the GUS and P1/HC-Pro bands was quantitated byThe TEV strains expressing GUS and GFP were described previously
electronic autoradiography, and then the blots were exposed to(Kasschau et al., 1997; Schaad et al., 1997). These viruses contain
X-ray film. The blots were stripped by washing three to four timesgenomes in which the GUS or GFP coding regions were inserted
in boiling 0.1X SSC, 1% SDS, and then reprobed using a 32P-dCTP-between the coding sequence for P1 and HC-Pro (Figure 1). A se-
labeled tobacco ribosomal RNA probe. The bound radioactivity wasquence coding for a NIa proteinase cleavage site (Carrington et al.,
quantitated and the blots were exposed to X-ray film. The relative1993) was inserted between the reporter and HC-Pro sequences.
amount of GUS RNA in each sample was calculated by dividing theInfectious viral RNA transcripts were made by in vitro transcription
GUS-specific radioactivity by ribosomal RNA-specific radioactivity.reactions using SP6 polymerase and BglII-linearized DNA and used
to inoculate plants as described (Dolja et al., 1992). Inoculum for
Nuclear Run-On Assaysquantitative experiments was prepared by extracting infected leaves
Nuclei were isolated from greenhouse-grown plants as describedat 7 days postinoculation and concentrating virus through a polyeth-
(Cox and Goldberg, 1988) with the following modifications. Theylene glycol precipitation step. TEV-GUS and TEV-GFP inocula were
DEPC treatment of extraction buffer was omitted, the tissue wasanalyzed by bioassay (Dolja et al., 1992) and adjusted by dilution
ground in liquid nitrogen with a mortar and pestle rather than in ato equivalent titers.
blender, and the tissue was extracted using a vortex rather than anIn TEV-GUS and TEV-GFP susceptibility assays with transgenic
omni-mixer. Nuclear run-on reactions in the presence of 32P-UTP,plants, apposing half leaves of plants (4-5-week-old) were inocu-
and extraction of the labeled transcripts, were done as describedlated with 10 ml of titered TEV-GUS and TEV-GFP inoculum. At 3
(Cox and Goldberg, 1988; Dougherty et al., 1994). Each reactiondays postinoculation TEV-GFP foci were visualized using a long-
was scaled to yield 1 3 106 2 1 3 107 cpm of transcription product.wavelength UV light (Blak-Ray Long Wave Length Ultraviolet Lamp,
Radiolabel incorporation was measured using a DE81 filter-bindingModel B 100 AP). The TEV-GUS foci in the same leaves were de-
assay.tected by infiltration of the colorimetric substrate, 5-bromo-4-
The radiolabeled transcription products from each reaction werechloro-3-indolyl-b-D glucuronide. Leaves were photographed se-
used as probes in filter blot assays. Linearized plasmid DNA (5 mg)quentially under UV illumination and incandescent light. Images
containing the GUS sequence (pRT-GUS [Carrington and Freed,were processed electronically using Adobe Photoshop.
1990]), the P1/HC-Pro sequence (p7SN-0823CMK [Kasschau and
Carrington, 1995]), the ubiquitin sequence from snapdragon (a giftCrosses
from C. A. Ryan, Washington State University), and the plasmidReciprocal crosses using the GUS-silencing 407 and P1/HC-Pro-
vector (pGEM 4.2) were bound to a nylon membrane. Prehybridiza-expressing U-6B parent plants were done. The F1 hybrids were
tion and hybridization conditions were as described above exceptallowed to self-fertilize. Forty of the resulting F2 plants were ana-
that 100 mg/ml yeast tRNA was added at both steps. Blots werelyzed by quantitative DNA gel blot assay to identify plants with
washed twice in 2X SSC at room temperature, once with 25 mg/mlcombinations of homozygous, hemizygous, and null GUS and P1/
RNase A in 2X SSC for 30 min, and twice in 0.1X SSC and 1% SDSHC-Pro transgene loci. Selected F2 plants were allowed to self-
at 608C for 10 min. The hybridization intensity for each plasmid wasfertilize to yield seed for the F3 populations.
determined by electronic autoradiography. The relative level of GUS
transgene transcription was calculated by dividing the GUS countsNucleic Acid Isolation and Gel Blot Assays
by the ubiquitin counts on the same filter. The blots were alsoGenomic DNA isolation procedures were adapted from published
exposed to X-ray film.methods (Dellaporta et al., 1983). Leaf tissue (0.2 g) was ground in
liquid nitrogen and suspended in 750 ml of extraction buffer (50 mM
Tris-HCl [pH 8.0], 10 mM EDTA, 10 mM NaCl, 1.0% SDS, 10 mM Acknowledgments
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